Hydrogen peroxide (H2O2) is a product of many enzymecatalyzed redox reactions. 1 Therefore, the determination of H2O2 is of great importance in both biological and industrial fields. [2] [3] [4] [5] Electrochemical techniques have long been considered for the determination of H2O2, in view of its simplicity, low-cost and real-time detection properties. 6,7 Nevertheless, H2O2 is not an ideal species to detect with an electrochemical biosensor, because the electrode kinetics is very slow at most electrode surfaces. 8, 9 It therefore requires high overpotentials to drive the reaction at an electrode, which often leads to low sensitivity and unacceptable interferences. 10 Therefore, peroxidase is often employed, to lower the activation energy for the reduction of H2O2 and to catalyze its electrochemical reduction at electrode surfaces. [11] [12] [13] [14] [15] [16] Horseradish peroxidase (HRP) is a widely used peroxidase, due to its reasonable stability, commercial availability and effectiveness towards the reduction of H2O2. 17, 18 Many good HRP-based H2O2 sensors have been constructed. [19] [20] [21] [22] [23] However, the redox center of HRP is electrically insulated by its thick protein shell, thus hindering its direct electrical communication with electrodes. Therefore, redox mediators usually have to be employed to shuttle electrons between the heme site of HRP and the electrodes.
were prepared as follows: pH 4.0 -5.5, 0.1 M NaAc-HAc solution; pH 6.0 -8.0, NaH2PO4-Na2HPO4 solution; pH 9.0, Tris-HCl solution.
A pyrolytic graphite (PG) block (A = 5.25 mm 2 ) was inserted in a glass tube and fixed with epoxy resin. A copper rod was used to achieve electrical contact. The electrode was polished with rough and fine aluminium oxide paper. It was then polished to mirror smoothness with an alumina (particle size of about 0.05 µm)/water slurry on silk. Finally, the electrode was thoroughly washed and treated in an ultrasonic bath for about 5 min.
A proper amount of kieselguhr was dissolved in dimethyl sulfoxide to a final 2 g/L solution. A 5-µl volume of the solution was mixed with 5 µL 0.1 mM HRP aqueous solution, and was then spread evenly onto the surface of a PG disk electrode. Alternatively, only kieselguhr was cast onto a PG electrode. A 5 µL PVA solution (3%) was further dropped on the electrode surface to improve the stability of the modified electrode. The film was dried overnight at room temperature. This electrode was thoroughly rinsed with nanopure water and was then ready for use.
Cyclic voltammetry was performed with a PARC 263 Potentiostat/Galvanostat (EG&G, USA), using a three-electrode configuration at 25 ± 0.5˚C. The reference electrode was a saturated calomel electrode (SCE), and the counter electrode was a platinum electrode. All test solutions were thoroughly deoxygenated by bubbling nitrogen through the solution for at least 10 min. Then, a stream of nitrogen was blown gently across the surface of the solution in order to maintain the solution anaerobic throughout the experiment. In the case of a Michaelis-Menten kinetics determination, magnetic stirring was employed to ensure that the peak currents would reach a steady state.
Results and Discussion
HRP can take direct electron-transfer reactions after it is incorporated in a kieselguhr membrane.
Typical cyclic voltammograms (CVs) obtained at a HRP/kieselguhr membrane-modified PG electrode in a 0.1 M NaAc-HAc buffer solution with pH 5.5 are displayed in Fig. 1 . Obviously, a pair of well-defined peaks can be observed at every CV cycle with different scan rates. It is noteworthy that no corresponding peak is observable at either a bare PG or a kieselguhr membrane (free of protein) modified PG electrode in the same potential range.
Therefore, this pair of peaks comes from the redox reaction of the electroactive sites of HRP in the membrane. The peak-topeak separation (∆E) is ca. 100 mV at a scan rate of 50 mV/s. Thus, this electrochemical reaction is quasi-reversible and the heterogeneous electron transfer process of HRP is fairly facile in the membrane. 19 Considering the fact that HRP alone exhibits no observable peak at the PG electrode surface, 25, 26 it can be speculated that a kieselguhr membrane can provide an ideal environment for the facile electron exchange of HRP with the PG electrode.
The peak currents of HRP in the kieselguhr membrane are proportional to the scan rates in the range of 50 and 1000 mV/s (the linear regression equations for the anodic and cathodic peak currents are y = 0.2767 -0.0072x, r = 0.9990 and y = 0.0799 + 0.0071x, r = 0.9998, respectively), as expected for a thin-layer electrochemical behavior. 34 The apparent standard potential (E˚′), estimated from its half wave peak potential (E1/2), is -0.298 V (vs. SCE), which is close to that given in a previous report. 28 Further studies show that this modified electrode is very stable.
After several initial scans, the cyclic voltammograms remained nearly unperturbed for at least several hours. In order to further increase the stability of this modified electrode, especially in a H2O2 solution, an additional PVA layer was deposited, as depicted in the experimental section. No significant difference in the voltammogram was observed for the modified electrodes in the presence and absence of the PVA layer.
The pH value of the background solution plays an important role for the electrochemical reaction of HRP in the membrane. As shown in Fig. 2a , the half-wave peak potential (E1/2) shifts to the negative direction with an increase in the pH value. It gives a linear dependence towards pH values in the range of 4 -9. The slope (∆E/∆pH) is ca. -45.3 mV/pH unit (Fig. 2b) , which is 274 ANALYTICAL SCIENCES FEBRUARY 2001, VOL. 17 smaller than the theoretical value (-59 mV/pH) for a singleproton concomitant single-electron transfer process. 35 Moreover, the variation in the pH value exerts little influence on the waveform of the CV. As shown in Fig. 2a , stable and welldefined cyclic voltammograms can always be obtained in this pH value range.
The results show that HRP can undergo facile direct electrontransfer reactions after it is incorporated in a kieselguhr membrane. On the other hand, because of its direct electrontransfer reactivity, the enzyme can catalyze the reduction of H2O2 in the absence of mediators. Therefore, a mediator-free H2O2 sensor can be constructed. Figure 3 displays a series of cyclic voltammograms obtained at a HRP/kieselguhr/PVA modified electrode before and after the continuous addition of a concentrated H2O2 solution to the buffer solution. Apparently, the cathodic wave increases after the addition of H2O2, accompanied by a decrease in the anodic peak, which is characteristic of an electrochemically catalytic reaction. 36 In addition, it is observed that the higher is the concentration of H2O2, the larger is the cathodic peak current. Since no electrochemical signal corresponding to H2O2 can be observed in the potential range of interest at a bare PG or a kieselguhr alone modified electrode, the catalytic peak is obviously related to the electrocatalytic reduction of H2O2 in the presence of the enzyme. The large decrease in the activation energy for the reduction of H2O2 might be responsible for such a catalytic process. 37 Meanwhile, the height of the catalytic peak apparently increases with the addition of H2O2 and reaches a plateau at a higher concentration of 900 mmol/L (shown in Fig.  4) , suggesting a typical electrocatalysis process which coincides with a Michaelis-Menten kinetics model. 38 The decrease in the anodic peak current with the addition of H2O2 implies that the oxidized form of HRP can be quickly reduced to its reduced form by acquiring an electron from the PG electrode.
The catalytic peak current for H2O2 increases linearly with the square root of the scan rate (the linear regression equation is y = 1.204 + 0.5283x, r = 0.9989). This suggests that the electrochemical catalytic reduction of H2O2 might be controlled by the diffusion of H2O2 from solution to the heme center of HRP incorporated in the kieselguhr membrane.
According to the above results and previous research, 39,40 the global mechanism can be depicted as follows. Firstly, H2O2 diffuses from the solution to the membrane, and is reduced by HRP through an enzymatic reaction. An intermediate of HRP, compound I (Fe(IV)=O) is formed in this step (Eq. (1)), which is a π-cation radical of porphyrin. It then obtains an electron from the electrode, resulting in compound II (Eq. (2)). Finally, compound II again receives an electron from the electrode to form oxidized HRP (Eq. (3)). Among them, Eq. (3) is the ratelimiting step; we can only detect this single-electron reduction step in a cyclic voltammetric study. 28 The apparent Michaelis-Menten constant (KM app ) provides an indication of the enzyme-substrate kinetics and a way to compare this H2O2 sensor with others. It can be calculated from the electrochemical version of the Lineweaver-Burk equation, 40 1/Iss=1/Imax + KM app /Imaxc, where Iss is the steady-state current after the addition of a substrate, c is the bulk concentration of the substrate and Imax is the maximum current measured under the saturated substrate condition. The apparent Michaelis-Menten constant can be obtained by an analysis of the slope and intercept for the double reciprocal plot of the steady-state current versus the H2O2 concentration. Accordingly, the apparent Michaelis-Menten constant for this HRP/kieselguhr/PVA membrane-based H2O2 sensor is found to be 572 mmol/L. Compared with other HRP based H2O2 sensors, [42] [43] [44] this configuration shows a higher peroxidase activity. Direct electrical communication between the heme site of HRP and the electrode might contribute to this high electrocatalytic efficiency. 45 In conclusion, HRP achieves facile electron exchange with the 275 ANALYTICAL SCIENCES FEBRUARY 2001, VOL. 17 electrode through the incorporation in a kieselguhr membrane. Accordingly, a mediator-free, i.e., third-generation, H2O2 biosensor, can be prepared. It takes advantage of simple construction, nice sensitivity and good stability, showing possible use in the trace determination of H2O2.
